Abstract Harvesting microalgae from medium is a major challenge due to their small size and low concentrations. In an attempt to find a cost-effective and eco-friendly harvesting technique, mung bean (Vigna radiata) protein extract (MBPE) was used for flocculation of Nannochloropsis sp. The effects of parameters such as pH, flocculant dose, algae concentration, and mixing time were used to study the flocculation efficiency (FE) of MBPE. Optimum parameters of MBPE dosage of 20 mL L −1 and a mixing rate of 300 rpm for 6 min achieved a , respectively. In conclusion, MBPE flocculants used in this study are safe, nontoxic, and pollution free, so they could be used for an effective, convenient, and rapid harvesting of microalgae in an eco-friendly approach. These methods are sustainable and could be applied in industrial scale for aquaculture nutrition.
Introduction
The use of microalgae in aquaculture is associated with nutrition as a whole component or as a food additive to basic nutrients. Microalgae are required for larval nutrition of penaeid shrimp and sea cucumbers and also indirectly served as food for the live prey fed to small fish larvae [1] . It has been reported that mass cultivation on site can represent 30% of a hatchery's operating cost [2] . Microalga is commonly cultivated for the purpose Coagulation-flocculation was considered to be an effective and convenient process which allows rapid treatment of large quantities of microalgae [20] .
Recently, several other natural materials have been studied to assess their coagulation potential in microalgal flocculation and water treatment and some gave encouraging results. A naturally occurring seed extract from Moringa oleifera has been studied for microalgal flocculation [21, 22] , and some coagulant activity of other plant materials from Cassia angustifolia [23] , vegetable tannin [24] , Nirmali seeds (Strychnos potatorum) [25] , bean (Phaseolus vulgaris sp.), sugar maize, and red maize (Zea mays) [26] has been reported. Due to limited knowledge and scientific reports on the use of such plant-based natural coagulant materials, the usage of these is not widespread [27] . Mung beans are widely used in many countries because of their nutritional values. Literature review indicates that there is no known report on the use of mung bean protein extract for flocculation of microalgae. The need for identifying new eco-friendly and safe materials is of great interest for microalgae industry. Therefore, the aim of this study was to investigate the potential of using mung bean protein extract as an efficient flocculant for microalgae for its possible use in aquaculture nutrition.
Materials and Methods

Microalgae Culture and Growth Conditions
The microalga Nannochloropsis sp. was obtained from the Aquaculture laboratory, IPMB, University of Malaysia, Sabah, Malaysia. They were subcultured for further study using the growth medium reported [28] . The inoculum used for indoor cultures was grown under controlled conditions at 24°C for 5 days with illumination of 100 μmol m −2 s −1
. Seed cultures were grown in the laboratory before being inoculated in 60-L plastic bag culture. Seed cultures in 250-mL Erlenmeyer flasks were used to initiate cultures in 5-L flasks. The 5-L cultures were used as inoculum for the 60-L plastic bag of the indoor chamber. For growing the cultures in plastic bags, a low-cost medium (agrochemicals, Fertitrade (M) SDN. BHD, Malaysia) was used. This medium contains (in kg L ) nitrogen (0.1), P (0.08), and K (0.06). An optimum concentration of media (3 mL L −1 of seawater), according to a previous study, for this alga was established. The medium was added to the seawater previously filtered (1 μm), sterilized with NaClO, and neutralized with sodium thiosulfate. The cultures were grown at 26°C with continuous illumination and a surface irradiance of 150 μmol photons m −2 s). The 5-L flasks and 60-L plastic bags were aerated with non-CO 2 -enriched air.
Microalgae Growth Measurement
To analyze the microalga cell growth, quadruplicate daily microscopic cell count measurements were performed using hemocytometer. For measuring the absorbance of microalgae suspensions, a UV-visible spectrophotometer (Thermo scientific) was used. Flocculation studies were performed after the cells reached stationary growth phase.
Extraction of Protein Concentrate
Protein extraction from seeds of Vigna radiata (mung bean) was carried out as follows: the seeds were ground to powder by a blender. Three hundred milliliters of 1-M NaCl solution was prepared and mixed with 100 g of mung bean powder. This mixture was stirred for 6 h at room temperature (about 25°C). Then, the extract was centrifuged at 4000g for 10 min to remove the coarse particles. The supernatant was removed carefully, and the result was a milky liquid, which was used for flocculation studies.
Flocculation Experiment
The effect of flocculant concentration, mixing time, and pH of algal medium on the flocculation efficiency was determined using a jar test, a slightly modified method [29] . Briefly, the microalgal suspension (1000 mL) was stirred at 300 rpm in a 1.2-L jar, while the flocculant was added slowly into the algal medium. After this, the stirring was continued for 3 min, then stopped, and allowed to settle for 1 min. Then, an aliquot of the supernatant was taken at a depth of ∼2.0 cm from the surface of the algal medium and its absorbance was measured at 540 nm in the UV-visible spectrophotometer (Thermo Scientific). Absorbance of the original algal medium was also taken before addition of the flocculant. To evaluate the influence of pH on flocculation, pH was adjusted using 0.5 N HCl or 0.5 N NaOH. The absorbance values were extrapolated to cell numbers based on a standard curve constructed with algal cell suspensions having different cell densities. Flocculation efficiency of Nannochloropsis sp. was calculated as in the following (Eq. 1):
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Zeta Potential Measurement
The zeta potential of the Nannochloropsis sp. was measured using Malvern Zetasizer 90 (Malvern Instruments Ltd., USA). The measurement was taken before and after the addition of flocculants into the medium. The zeta potential was analyzed in triplicate at room temperature, and the mean values were taken.
Results and Discussion
Microalgae Growth
Nannochloropsis sp. was grown in a low-cost medium, and its growth rate was analyzed in terms of cell concentration. The initial cell concentration was about 2 × 10 6 cells mL ) was obtained on the 16th day of cultivation period ( Fig. 1) . Barminski et al. [30] reported that there were no significant differences between exponential and linear growth rates of N-fixing cyanobacteria grown in two media such as Allen and Arnon (AA) and a growth medium of organic-approved ingredients (RB). However, RB treatments were significantly higher than AA in chlorophyll a content on day 4 and from days 6 to 14.
Effect of pH and MBPE Dose on Flocculation Efficiency
The effects of pH on flocculation efficiencies of Nannochloropsis sp. at a flocculant dose (MBPE, 15 mL L −1 ) are shown in Fig. 2 . The flocculation efficiencies achieved were above 81% at pH 2 after a 30-min settling time, while increasing the pH (from 3 to 6) gave poor flocculation efficiency which ranged from 2.24 to 15.5%. Our results are similar to the study of bioflocculation of Desmodesmus sp. F51 using the fermentation broth of Bacillus licheniformis CGMCC 2876, and flocculation efficiencies above 91% were achieved with lower pH values ranging from 2.5 to 3.3 after 15 min of settling time [31] . Liu et al. [32] reported that microalgal flocculation was influenced by a decrease of pH down to 4. They suggested that low pH leads to reduction of the surface charge and cell flocculation due to protonation of the negatively charged carboxylate ions from cell surface. Flocculation efficiency generally differed with microalgae species and type of flocculants used. In order to determine extract dosage influence on flocculation efficiency, a series of experiments was carried out. It has been recognized that dosage concentration is a critical parameter in the flocculation processes. It may influence both the extent and the rate of flocculation reaction Therefore, preliminary experiments were undertaken to determine the optimum flocculant dosage and sedimentation time on the flocculation of Nannochloropsis sp. A fixed algae concentration was used with different doses of MBPE from 10 to 50 mL L −1 at pH 2. As shown in Fig. 3 , the flocculation of microalgae increases with increasing concentration of MBPE doses. The maximum flocculation efficiency (92.70%) was recorded with 50 mL L −1 doses at 120 min. However, the flocculation efficiency of MBPE sharply increased FlocculaƟon Efficiency (%) MBPE concentration, respectively. It is proved that MBPE has a higher flocculation efficiency in shorter settling time. Our study reveals that the concentration of 20 mL L −1 of MBPE could be an optimal dose for higher flocculation of Nannochloropsis sp. at pH 2. The higher flocculation efficiency of MBPE at pH 2 may be due that the amino groups of the protein may get protonated to provide better interaction with the anionic charges of algal cell wall. Further, with increasing pH, the carboxyl group of the protein develops a negative charge (COO−), which may result in electrostatic repulsion. Wongsagonsup et al. [33] reported a lower coagulant performance of rice protein at higher pH. Several studies have revealed active coagulant proteins from various seed extracts such as chestnut and acorn [34] and M. oleifera and Cicer arietinum [35] that have charged groups consisting of charged amino acids and some charged functional groups [36] . The charged moieties have the potential to neutralize the charge sites on the algal cell wall to produce neutral flocs. Recently, Li and Pan [37] tested the flocculation of cyanobacterial bloom (Microcystis aeruginosa) using local lake shore soil modified by protein with high isoelectric point (pI) and chitosan jointly. The algal removal capacities of 73 and 60% were recorded in 30 min for 5 mg L −1 lysozyme (pI ≈11) and 100 mg L −1 bromelain (pI ≈9.5) modified
, respectively. Teixeira et al. [21] also tested the flocculation of Chlorella vulgaris cells using Moringa seed powder. The results suggested that flocculation efficiency was obtained about 80% using 0.6 g L −1 in a sedimentation time of 120 min. Díaz-Santos et al. [38] reported that a plant lectin, concanavalin A (CON A), is used to induce flocculation in Chlamydomonas cells reaching a recovery efficiency of 90% at a concentration of 0.1 mg mL −1 after 60 min. Zheng et al. [39] achieved above 95% of flocculation efficiency using commercial γ-PGA produced from Bacillus subtilis at an optimum concentration of 22.03 mg L −1 for marine C. vulgaris and freshwater Chlorella protothecoides. They had also reported flocculation efficiency of 81% for C. vulgaris and 89% for C. protothecoides with pH values ranging from 6.5 to 8. The flocculation efficiency of MBPE is higher than Moringa seed protein flocculant used for C. vulgaris [40] .
Effect of pH and MBPE Dose on Zeta Potential
Zeta potential as a function of pH of the aqueous dispersions of MBPE in acidic pH is seen in Fig. 4a . The zeta potentials of microalgae are pH dependent and showed negative values ranging from −6.13 ± 0.70 to −12.1 ± 0.17 mV for all the pH values studied. The zeta potential was found to decrease with an increase in pH, and it could be due to the decrease of the cell surface charges, possibly due to charge neutralization in this range. Microalgal cell walls are negatively charged due to dissociation of functional groups (three types of functional groups on its surface, carboxyl (−COOH), phosphoryl (−POH), and amino (−NH 2 )) on its surface. The total number and types of functional groups are found to vary among different types of algae species [41] . The effects of MBPE doses on zeta potential are presented in Fig. 4b , respectively. Such an increase in the zeta potential reveals that a decrease in the surface charge of alga cell wall occurred as a result of neutralization by MBPE. At higher doses, the zeta potential showed a reduction value. The zeta potential of MBPE value (−41 mV) in the present study was comparable to others found in the literature. For example, Johnston et al. [42] tested the properties of legume protein isolate and reported the zeta potential values of −47.7, −46.4, −47.2, and −44.3 for chickpea, faba bean, lentil, and soy, respectively. The microscopic analysis shows flocculating microalgae using MBPE in pH 2, and no clumps are present as single cells observed in pH 3 to 6. MBPE-aggregated microalgal floc formation was compared to FeCl 2 flocculant (Fig. 5) . As depicted in the microscopic pictures, FeCl 2 flocculant showed effective algal clumps than MBPE-aggregated flocs, but an overall flocculation efficiency data reveal that MBPE flocculant was more efficient than FeCl 2 (Fig. 3) . Chemical-based flocculation (FeCl 2 ) may contaminate the algal biomass, and Fe needs to be separated from algae before use as feed. The microscopic pictures show that microalgae are trapped in flocs formed by complete flocculation, and there are almost no free cells in the suspension at pH 2. The pictures confirm that microalgal biomass can be recovered using this MBPE flocculant.
Effect of Mixing Time and Algae Cell Concentration on Flocculation Efficiency
The duration of mixing is important to facilitate the distribution of the flocculant within an algal medium. It also affects the performance of the flocculation process. To know the time required for equilibrium to be established in flocculation of biomass recovery, the effects of mixing time, i.e., 3, 6, and 9 min with fixed algae and dose concentration (10 mL L −1 ), were studied. As it can be seen in Fig. 6 , the relationship between the mixing time and the flocculation efficiency of the alga cells showed that at least 6 min of mixing time at 300 rpm was required for 90% of the alga cells to coagulate in the presence of MBPE (10 mL L
−1
). The flocculation efficiency was only 75.50% after 120 min of settling time with a shorter mixing time (3 min), whereas flocculation efficiencies of 80.30 and 78.0% were recorded for 6 and 9 min of mixing time, respectively. The lower efficiencies obtained could be caused by a decrease in contact between the cells and the flocculant. This result reveals that, similar to the study of Ahmad et al. [43] with chitosan as the flocculant, the increased time of mixing of MBPE and microalgae in our study may cause the increased flocculation efficiency. Our study suggests that even at a mixing time of 6 min at 300 rpm, the flocculation efficiency achieved was higher after a 120-min settling time. It indicates that MBPE could have formed strong bond with microalgal cell surface and produced bridging flocs more firmly and tightly. The microalgal cell concentration is a significant parameter for the determination of the optimal dose of culture cell coagulants [44] . A study was carried out with two different cell concentrations (OD 540 = 0.6 and 1.2) using fixed MBPE (15 mL L −1
) as a flocculant to determine the effect of cell concentration on flocculation efficiency (Fig. 7) . The flocculation efficiencies were 41.66 and 51.20% for lower OD (0.61) and higher OD (1.12) concentrations, respectively. The decreasing efficiency observed on lower cell concentration (OD; 0.61) might be an effect of the flocculant on the pH of the medium, and it could be possible that a flocculant amount that exceeds the optimum concentration could contribute to an excess of positive charges, thus stabilizing the cell particles in suspension by charge repelling, as well as by steric hindrance/or electrostatic repulsion [45] . Gerde et al. [29] also reported that the decreasing efficiency was observed with lower concentration of cells 0.03 g L −1 using Al 2 (SO 4 ) 3 as the flocculant. The flocculating capacity of the MBPE was effective under an optimum operating condition, which was compared with other flocculation methods used for microalgae (Table 1) . Teixeira et al. [21] reported that C. vulgaris culture treated with Moringa seed flour (1 g L −1
) showed a flocculation efficiency of 89% in 120 min at pH 9.2. Recently, Hamid et al. [40] also reported that protein powder from tertiary derivatives of M. oleifera seed has recovered the microalgae (Chlorella sp.) up to 78%. In a similar kind of study by Hansel et al. [46] , they tested the flocculation efficiency of freshwater green alga Scenedesmus dimorphus using cationic starch (100 mg L ) and obtained 70% of algal recovery in stationary phase. Zeng et al. [39] assessed the flocculation efficiencies of C. vulgaris using polyglutamic acid (ɣ-PGA) and achieved around 90% of algae recovery. This finding was similar with the flocculation of freshwater microalgae (Spirulina sp., Oscillatoria sp., and Chlorella sp.) using chitosan, which yields 90% flocculation efficiency [47] . In the current study, mung bean protein extract has been demonstrated to be a very suitable flocculant for harvesting microalgal biomass, reaching flocculation efficiency comparable to other bioflocculants, as well as having various other advantages such as safety. The cost analysis of MBPE as a flocculating agent was not evaluated in the present study. Therefore, it would be difficult to compare the economic viability of MBPE with those of other bioflocculants such as chitosan and Moringa seeds. Further study is required to assess the cost of mung bean protein extract and how this could be 
Conclusion
The results from our study demonstrate that the harvesting of microalgae using MBPE could be promising and eco-friendly due to the low dose of flocculant required and the short settling time. The MBPE extract did not significantly increase the flocculation efficiency when the media pH was above 3. The flocculation efficiency of microalgae biomass was over 90% at the optimal conditions: 20 mL L −1 flocculant dose, 300-rpm mixing rate, 6-min mixing time, 15-min settling time, and pH 2. The harvesting of microalgae using MBPE is not only effective, but also its value adds protein content in microalgal flocs to be used in aquaculture nutrition.
